Extensive polymorphism at the major histocompatibility complex (MHC) is thought to confer immune protection on populations. A New World primate, the cottontop tamarin (Saguinis oedipus), has a high prevalence of ulcerative colitis and adenocarcinoma of the colon and dies after infection with several human viruses. Lymphocytes from all animals tested expressed one common MHC class I allelic product. Another MHC ciass I allelic product was expressed by 39 of 41 tested animals. Four other ailelic products were also expressed on the lymphocytes of these animals at a frequency of >50%. MHC class II gene products, however, were polymorphic. Restriction fragment length polymorphism analysis confirmed that there were a limited number of cotton-top tamarin MHC class I alleles, whereas the MHC class II gene loci were polymorphic. This sharing of MHC class I alleles is unprecedented in a higher primate species and may play a role in the susceptibility of this endangered species to pathogens.
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Major histocompatibility complex (MHC) glycoproteins play an important role in immune cell interactions. Codominant expression of class I and class II allelic products and an extraordinary degree of polymorphism of these products in a species are thought to confer a survival advantage to individuals and to the species by facilitating the ability of the immune system to interact with a variety of pathogens.
Cotton-top tamarins (Saguinus oedipus) are highly susceptible to a variety of pathogenic processes. As many as 60% of captive S. oedipus spontaneously develop ulcerative colitis and 15% of these animals develop adenocarcinoma of the colon (1) . S. oedipus also develops fatal lymphoproliferative syndromes after infection with Epstein-Barr virus and Herpesvirus saimiri (2, 3) . Additionally, these tamarins are highly susceptible to retrovirus-induced sarcomas and fatal measle virus infections (3) . Interestingly, cotton-top tamarins are usually born as dizygotic twins and an anastamosing placental circulation results in their development as naturally occurring bone-marrow-chimeric animals (4) .
In this study, we demonstrate that the cotton-top tamarin possesses very few allelic products at its three MHC class I loci. Its MHC, however, encodes for a diversity of class II allelic products, suggesting that its limited number of class I alleles are not due to a recent founder effect. This unprecedented limited MHC class I polymorphism in a primate species may play a role in the cotton-top tamarin's extreme susceptibility to pathogens. Celi Culture. Peripheral blood lymphocytes (PBLs) were separated from 2 to 10 ml of heparinized blood by using Dextran or Ficoll/diatrizoate gradient centrifugation. These cells were cultured at 106 cells per ml with phytohemagglutinin-P (Difco) at 1 pug/ml in RPMI 1640 medium (GIBCO) supplemented with heat-inactivated fetal bovine serum (Sterile Systems, Logan, UT) to a final concentration of 10% (vol/vol), 2 mM L-glutamine, 50 1LM 2-mercaptoethanol, 20 mM Hepes, gentamycin at 40 ,ug/ml, amphotericin B at 0.25 pug/ml, and recombinant interleukin 2 (kindly provided by E.I. DuPont Nemours, Nutley, NJ), at 1 unit/ml.
MATERIALS AND METHODS
Biosynthetic Labeling, Lysis, and Phase Separation. ; specific activity, 1100 Ci/mmol; 1 Ci = 37 GBq) were added. At the end of a 6-hr incubation period, the cells were pelleted and frozen at -70TC.
Cells were lysed for 30 min on ice in 1 ml of lysis buffer (20 mM Tris HCl, pH 8.0/0.15 M NaCl/1 mM MgCl2/0.1 mM phenylmethylsulfonyl fluoride). This lysis buffer was supplemented with Triton X-114 (Sigma) to give a final concentration of 5% (vol/vol) of the detergent. The Triton X-114 had been mixed with cold distilled H20, heated to 370C for 5 min, and separated into the detergent and aqueous phases by centrifugation at 300 x g at room temperature. The aqueous phase was discarded and the Triton X-114 was resuspended in cold distilled H20. This procedure was repeated twice again. After lysis, supernatants were cleared of cellular debris by ultracentrifugation at 13,000 x g at 50C for 5 min. The supernatants were then separated into detergent and aqueous phases (6) by incubation at 370C for 5 min and subsequent centrifugation at room temperature for 3 min at 300 x g. The upper aqueous phase was discarded and the lower detergent phase was brought to 1 ml with NET-N [150 mM NaCI/5 mM EDTA/50 mM Tris-HCl, pH 8.0/0.5% Nonidet P-40 (Sigma)/0.05% NaN3].
Surface Labeling. Phytohemagglutinin-P-induced lymphoblasts (3-5 x 107 cells, 95-100% viable) were washed three times in isotonic phosphate-buffered saline (PBS) and were resuspended in 200 ,1l of PBS. Twelve microliters of lactoperoxidase (1 mg/ml), 10 ,ul of glucose oxidase (1 mg/ml) (both from Boehringer Mannheim), 50 ,1l of 50 mM glucose, and 1-2 mCi of 1251I (New England Nuclear) were added, and Abbreviations: ItF, isoelectric focusing; MHC, major histocompatibility complex; mAb, monoclonal antibody; PBL, peripheral blood lymphocyte; RFLP, restriction fragment length polymorphism.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 7715 the incubation was continued for 30 min on ice. Cells were washed five times with PBS (containing 0.1% NaN3 and KI at 17 mg/ml), were lysed in lysis buffer containing 2% (vol/vol) Nonidet P-40, and were centrifuged at 13,000 x g for 5 min to remove cellular debris. Unbound iodine was removed by passage of the lysate through a Sephadex G-25 superfine column (Pharmacia).
Antibodies. The BB7.7 antibody-producing cell line (directed against human MHC class I glycoproteins, ref. 7) was obtained from the American Type Culture Collection. The two monoclonal antibodies (mAbs) directed against human and owl monkey class II glycoproteins I-3 (8) and 1D-liB (unpublished data) were provided by S. Schlossman and C. Morimoto, respectively (Dana-Farber Cancer Institute, Boston, MA). An IgG2a mouse mAb with an irrelevant specificity from Coulter and normal rabbit serum (Sigma) were used as negative control antibodies.
Preclearing and Immunoprecipitation. Samples were cleared of aggregates and complexes that were nonspecifically bound to protein A by two 1-hr incubations with 30 AI of 50% (vol/vol) protein A-beads saturated with an irrelevant ascites fluid and a 1-hr incubation with beads alone. All preclearing steps were carried out at 50C with continuous shaking.
For immunoprecipitation, protein A-beads (50 1.l, 50%) were incubated for 4 hr with 5-10 ,ul of ascites fluid. To remove excess antibody, 1 ml of NET-N was added, the beads were pelleted and the supernatant was removed. These beads were then incubated with the precleared lysates overnight on a shaking platform at 5°C. The beads were washed twice with NET-N and the dry beads were incubated with 20 ,ul of neuraminidase (10 units/ml type VIII, Sigma, in 0.1 M sodium acetate, pH 5.5/1 mM CaC12) on a shaking platform at 37°C for 3 hr. The samples were then washed a further five times, split into two aliquots, centrifuged, and aspirated to dryness. The dry beads were stored at -20°C.
One-Dimensional Isoelectric Focusing (IEF). One-dimensional IEF was carried out as described by Neefjes et al. (9) . Briefly, 270 (horizontal) x 170 (vertical) x 0.75 mm gels containing 8 M urea (Ultra-Pure; Bethesda Research Laboratories), 2% (vol/vol) Nonidet P-40, 4.5% (wt/vol) acrylamide [30:1.6 (wt/wt) monoacrylamide/N,N'-methylene bisacrylamide], 0.1% TEMED, 0.02% ammonium persulfate (all electrophoresis-pure reagents were from Bio-Rad), and 5.4% (vol/vol) Ampholines (LKB) comprised of 4% (vol/vol) pH 5-7, 1% pH 3.5-10, and 0.4% pH 7-9 (Ampholines for class I) and 3% (vol/vol) pH 5.7, 1.4% pH 3.5-10, and 1% pH 7.9 (Ampholines for class II) were poured.
Samples were resuspended in 15 Al of IEF sample buffer containing 9.5 M urea, 4% (vol/vol) Ampholines at pH 3.5-10, 5% (vol/vol) 2-mercaptoethanol, 2% (vol/vol) Nonidet P-40, and 0.01% bromophenol blue, the beads were sedimented, and 12 ,ul of supernatant were loaded per lane. This was overlaid with 7 ,ul of IEF sample buffer diluted 2:3 and, in turn, this was overlaid with the upper reservoir buffer (50 mM NaOH, extensively degassed). The lower reservoir buffer was 20 mM H3P04. Gels were electrophoresed on a DNA sequencing apparatus (model SQU-2000; American Bionetics, Hayward, CA) by using an LKB model 2197 power source for a total of 13 hr with the voltage rising from 400 to 1000 V at constant power. When the voltage reached 1000 V, it became constant. At the end of the electrophoresis, the gel was fixed for 30 min in IEF fixative containing 0.13 M sulfosalicylic acid, 0.7 M trichloroacetic acid, and 30o (vol/vol) methanol and then for 30 min in the fixative containing 10o (vol/vol) methanol and 7.5% (vol/vol) acetic acid. Gels containing 35S-labeled samples were treated with En3Hance (New England Nuclear) for 1 hr, washed in distilled water for 15 min and then both types of gels were dried and visualized by autoradiography. DNA Extraction, Enzyme Digestion, Southern Blotting, and Hybridization. High molecular weight DNA was extracted from 50 x 106 lymphoblasts by standard techniques (10) . Twelve micrograms of DNA was digested with restriction enzymes (International Biotechnologies, New Haven, CT) by following the specifications of the supplier, precipitated, resuspended, and electrophoresed on 0.7% agarose gels. Gels were blotted (11) to nylon membranes (BioTrace RP; Gelman) and the membranes were hybridized to oligo-labeled (32P; New England Nuclear) probes specific for the human class I (12) and class 11 (13) DRB genes. Membranes were washed at a final stringency of 0.2 x SSPE (1 x SSPE = 0.18 M NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA) at 650C, dried, and exposed to XAR-5 film (Kodak).
RESULTS
Characterization of Cotton-Top Tamarin MHC Class I Molecules. In exploring the possible role of the immune system in the susceptibility of the cotton-top tamarin to pathogenic processes, we used sensitive biochemical techniques to examine the MHC of this species. We immunoprecipitated tamarin class I gene products with a heterologous antiserum (14) and mAbs directed against human class I glycoproteins. Analysis of immunoprecipitates from metabolically labeled, Epstein-Barr virus-transformed S. oedipus lymphocyte clones with one-dimensional IEF revealed reproducible, consistent electrophoretic banding patterns. Cotton-top tamarin MHC class I molecules were completely desialylated by neuraminidase and deglycosylated by tunicamycin. When representative lanes of these IEF gels were analyzed by NaDodSO4/polyacrylamide gel electrophoresis, these multiple bands were found to migrate at a molecular mass of40-43 kDa, consistent with the expected migration of class I heavy chains. A single basic band migrated at 10-12 kDa, consistent with that of 82-microglobulin. Identical IEF patterns of the immunoprecipitates prepared by using both the mAb BB7.7 and a polyclonal antiserum were obtained, suggesting that all of the tamarin class I molecules are precipitated by the mAb BB7.7. Both surface (1251I-labeled) and metabolically labeled class I molecules from the same animal exhibited identical electrophoretic patterns, confirming that these glycoproteins are present on the cell surface (data not shown). These studies also suggested that the products of three class I loci are expressed on the surface of cotton-top tamarin lymphocytes.
None of these molecules precipitated from tamarin lymphocytes appeared to be Qa or Tla homologues (15) . The tamarin class I molecules were precipitated from a wider variety of tamarin tissues (resting PBLs, splenocytes, B-cell clones, T-cell clones, and fibroblasts) than would have been expected for Qa and Tla gene products, and they were expressed at much higher levels by these cells than has been described for Qa and Tla glycoproteins (data not shown). Furthermore, the antiserum and the mAb used in these studies precipitated highly polymorphic MHC class I molecules from several species of Old World and New World nonhuman primates (16) .
Cotton-Top Tamarins Have a Limited Number of MHC Class I Allelic Products. We then studied animals from six colonies, a population that should be representative of the 30-40,000 S. oedipus that have been exported from Colombia for use in medical research (17) . Lectin-stimulated PBLs of 20 wild-caught and 6 colony-born unrelated S. oedipus were metabolically labeled, immunoprecipitated with the mAb BB7.7, and analyzed by one-dimensional IEF (Fig. 1) . A single allelic product was common to all the animals tested and a second product was shared by 24 of the 26 animals. Four other allelic products were also expressed on the lymphocytes of these animals at a frequency of >50%. Analysis of "'I-surface-labeled lectin-stimulated PBLs from 12 S. oedipus showed that the class II 3 gene products were polymorphic in these animals (Fig. 2) . Thus, a recent-founder effect or genetic bottleneck does not appear to account for the limited number of MHC class I allelic products in S. oedipus.
Cotton-Top Tamarins Have a Limited Number of MHC Class I Alleles, But Are Polymorphic at Their DRB Locus. We also used restriction fragment length polymorphism (RFLP) analysis to assess directly the polymorphism of the cottontop tamarin genes encoding the class I products. DNA was extracted from two unrelated cotton-top tamarins, digested with five restriction enzymes, Southern blotted, and hybridized first with a human class I and then a human class II DRB probe. Taq I was found to detect the greatest degree of RFLP and was, therefore, used to digest the DNA from several unrelated cotton-top tamarins. Hybridization of digested DNA from 11 animals obtained from five colonies to a human class I probe revealed few differences in the restriction fragments generated (Fig. 3A) . This provides further confirmation that the cotton-top tamarin possesses relatively few MHC class I alleles. Analysis of the cotton-top tamarin class II-encoding gene loci revealed extensive polymorphism (Fig.  3B) . Similar results were also obtained with EcoRI and Pst I (data not shown). Additionally, polymorphism was detected 4) were analyzed by methods identical to those described in Fig. 1 . The lysate prepared from the PBLs of animal 4 was precipitated with a mAb with an irrelevant specificity (lane -).
isolated population of owl monkeys were highly polymorphic. This suggests that geographical isolation alone is not sufficient to generate low levels ofpolymorphism at the MHC class I loci. at the cotton-top tamarin DQB, DPB, DRA, and DQA loci by RFLP analysis with human probes (data not shown). These data support the hypothesis that the cotton-top tamarin class II loci are indeed polymorphic whereas their class I loci are relatively nonpolymorphic.
A Geographically Isolated New World Primate Has Polymorphic MHC Class I Allelic Products. Since the cotton-top tamarin is a geographically isolated species whose habitat is restricted to Colombia, its limited number of class I alleles could result from this isolation. To examine a possible relationship between geographic isolation and limited MHC class I polymorphism in New World monkeys, we used one-dimensional IEF to analyze class I glycoproteins from a geographically isolated population of owl monkeys (Fig. 4) . MHC class I-encoded glycoproteins from a geographically
DISCUSSION
The limited number of MHC class I alleles in the cotton-top tamarin is much less than might have been predicted when one considers that there are at least 55 serologically defined alleles at the human leukocyte antigen (HLA) A and B loci (18) . Additionally, these serologically defined specificities can further be subdivided by using one-dimensional IEF into 93 HLA-A and -B allelic products (19) . Thus, for example, the serologically defined HLA-B27 specificity can be split into at least five subgroups (20) . Even the most common HLA antigen, HLA-A2, present on 45% of Europeans and North Americans, can be split into three subgroups by this technique (21) . This limited MHC class I polymorphism in a primate species as defined by one-dimensional IEF is, therefore, unprecedented.
The relatively low level of polymorphism detected at the cotton-top tamarin's MHC class I loci is consistent with established functional data. Extensive studies of skin graft rejection, a largely MHC class I-mediated response, have been performed with S. oedipus. While the cotton-top tamarin will reject skin grafts from other tamarin species in 12-20 days, they tolerate allogeneic grafts for >70 days (22) . Studies of mixed lymphocyte reactions (23) , an MHC class II mediated phenomenon, are consistent with the biochemically defined class II polymorphism in this species.
It has been proposed that other species may lack class I polymorphism. Skin-grafting studies in the South African cheetah have suggested that these animals are relatively nonpolymorphic at their MHC (24) . However, other genetic loci also appear to be nonpolymorphic, and it has, therefore, been proposed that the cheetah has been through at least one recent evolutionary bottleneck (25) . Serological techniques have failed to demonstrate extensive MHC class I polymorphism in the rat (26) . However, polymorphism has been detected at the rat MHC class I loci by RFLP analysis (27 (28) but may be monomorphic at its class I loci (29) . An analysis of the hamster MHC class I-encoding genes by using RFLP showed limited polymorphism. However, we have found at least three alleles at one of the Syrian hamster's MHC class I loci as defined by one-dimensional IEF (data not shown). Furthermore, since the progeny of only 15 hamsters have been carefully examined and the C,, gene locus appears to be nonpolymorphic in these animals (30) , it is difficult to rule out the possibility that a founder effect in captivity has limited the genetic polymorphism of these animals. The present studies suggest that events in its natural habitat may have exerted selective pressure resulting in limited MHC class I polymorphism in the cotton-top tamarin. We, however, cannot discount the possibility that non-MHC genetic loci are also limited in their polymorphism in this species.
It is not readily apparent why particular class I alleles may have been selected for in S. oedipus. It is possible that selective pressure exerted by a pathogen in the cotton-top tamarin's native habitat in Colombia has resulted in the conservation of certain MHC class I alleles. Perhaps the high frequency of twinning and resultant bone-marrow chimerism in the cotton-top tamarin may select for the relatively low levels of polymorphism at the MHC class I loci. The induction of tolerance between twins in utero would be facilitated by the sharing of MHC class I alleles. Selective pressure for MHC class I identity between virally infected target cells and thymus-educated MHC-restricted cytotoxic T lymphocytes in these chimeric primates might also play a role in the evolution of low levels of MHC class I polymorphism.
The MHC haplotype of an individual has been shown to correlate with the susceptibility of that individual to a variety of pathogenic processes. In chickens, resistance to a fatal infection by Marek disease virus cosegregates with the B21 haplotype (31) , and humans with the HLA-B27 allele have a markedly increased likelihood of developing ankylosing spondylitis (32) . Although class I polymorphism is not essential for the survival of isolated populations (33) , the absence of such a polymorphism may have a negative impact on host defenses when species or individuals encounter new pathogens that are not normally present in their environment. An extreme selective pressure in its natural environment for a limited number ofclass I alleles may have left the cotton-top tamarin susceptible to a variety of pathogens that it does not encounter in its native habitat. This may explain its striking susceptibility to ulcerative colitis, adenocarcinoma of the colon, and a variety of human viruses. Since the cotton-top tamarin possesses relatively few MHC class I alleles, it provides an excellent model for studying the possible relationship between MHC class I polymorphism and susceptibility to diseases.
